Current ambient UV-B levels can significantly depress productivity in aquatic habitats, largely because UV-B inhibits several steps of photosynthesis, including the photooxidation of water catalyzed by photosystem II. We show that upon UV-B exposure the cyanobacterium Synechococcus sp. PCC 7942 rapidly changes the expression of a family of three psbA genes encoding photosystem II D1 proteins. In wild-type cells the psbAI gene is expressed constitutively, but strong accumulations of psbAII and psbAIII transcripts are In oxygenic photobionts, photosystem II (PSII) is an integral membrane complex that catalyzes the photooxidation of water, with concomitant release of oxygen. Electrons extracted from water are passed to plastoquinone and enter the photosynthetic electron transport chain. The core of the PSII complex is composed of a dimer of two related proteins, D1 and D2, that bind the pigments and cofactors involved in this electron transfer from water to plastoquinone. During active photosynthesis the D1 protein, and to a lesser extent D2, turn over rapidly and are replaced by newly synthesized polypeptides in a PSII repair cycle. Under environmental stress, the repair cycle can be impaired, such that degradation and loss of D1 protein exceeds the rate of replacement (1). This net loss of functional D1 leads to a drop in PSII function and can contribute to photoinhibition, a light-dependent drop in the quantum yield of photosynthesis. Photoinhibition usually occurs when excitation capture exceeds the rate of electron removal from the PSII complex, as can occur when the light intensity exceeds the acclimated irradiance or when the temperature drops below the acclimated level.
In oxygenic photobionts, photosystem II (PSII) is an integral membrane complex that catalyzes the photooxidation of water, with concomitant release of oxygen. Electrons extracted from water are passed to plastoquinone and enter the photosynthetic electron transport chain. The core of the PSII complex is composed of a dimer of two related proteins, D1 and D2, that bind the pigments and cofactors involved in this electron transfer from water to plastoquinone. During active photosynthesis the D1 protein, and to a lesser extent D2, turn over rapidly and are replaced by newly synthesized polypeptides in a PSII repair cycle. Under environmental stress, the repair cycle can be impaired, such that degradation and loss of D1 protein exceeds the rate of replacement (1) . This net loss of functional D1 leads to a drop in PSII function and can contribute to photoinhibition, a light-dependent drop in the quantum yield of photosynthesis. Photoinhibition usually occurs when excitation capture exceeds the rate of electron removal from the PSII complex, as can occur when the light intensity exceeds the acclimated irradiance or when the temperature drops below the acclimated level.
UV-B absorption also leads to photoinhibition of both isolated PSII preparations and intact cells, via damage to the D1 protein or associated cofactors, which triggers degradation of the D1 protein (2-7). UV-B also inhibits other photosynthetic functions, including expression and activity of ribulose-1,5-bisphosphate carboxylase͞oxygenase (8) (9) (10) (11) (12) , the key enzyme of carbon dioxide fixation. In cyanobacteria, UV-B can trigger dissociation and bleaching of the phycobilisome lightharvesting antennae (12) (13) (14) (15) (16) , inhibit nitrogenase activity (17) (18) (19) , and interfere with cell differentiation (20) , although the ecological significance of some severe UV treatments has been questioned (21) .
Known chloroplasts contain only one active gene, psbA, encoding the D1 protein. In contrast, all cyanobacteria studied to date contain multigene psbA families whose expression is regulated in response to environmental conditions (22) (23) (24) (25) . The cyanobacterium Synechococcus sp. PCC 7942 contains a family of three psbA genes encoding two distinct forms of the PSII D1 protein (24) . During acclimated growth, transcripts from psbAI predominate and are translated to produce the D1 form 1 protein (D1:1). When the cells suffer excess excitation psbAI transcripts are rapidly replaced by transcripts from psbAII and psbAIII, encoding D1:2 (24, 26) . This leads to rapid exchange of D1:1 for D1:2 within PSII (27, 28) , with D1:2 remaining the predominant form until cells acclimate to their new growth regime, at which time D1:2 is again replaced by D1:1 (29) . The resulting transient exchange of D1 forms appears to be triggered by a fractional closure of PSII centers (30) . The exchange between D1:1 and D1:2 is an essential element of the Synechococcus response to increased light or decreased temperature, because if the exchange is blocked, the cells suffer severe and sometimes irreversible photoinhibition and are impaired in their ability to eventually acclimate to the new conditions (27) .
Because the psbA͞D1 exchange system appears central to cyanobacterial resistance to excitation-induced photoinhibition, we decided to test whether the system is also important for cellular resistance to moderate UV-B. Over their long evolution, cyanobacteria have survived many different UV-B regimes (31) , and currently natural UV-B levels are increasing in aquatic habitats, with unknown long-term implications for productivity and community structure (21, (32) (33) (34) (35) (36) . We show that moderate levels of UV-B induce rapid and extensive expression of the psbAII and psbAIII genes in Synechococcus sp. PCC 7942, leading to complete replacement of the D1:1 protein with D1:2. Furthermore, we used gene-inactivation mutants lacking either D1:1 or D1:2 to demonstrate that the exchange between D1:1 and D1:2 is essential for limiting the extent of UV-induced photoinhibition in Synechococcus sp. PCC 7942.
MATERIALS AND METHODS
Culture Growth Conditions. Synechococcus sp. PCC 7942 batch cultures of 300 ml were grown in flat rectangular flasks (culture depth of about 1 cm) in BG-11 inorganic medium (37), supplementally buffered with 10 mM 3-(N-morpholino)propanesulfonic acid (pH 7.5), and bubbled with 5% CO 2 in air (about 1 ml͞s) at 37°C under continuous even incandescent illumination of 50 mol of photons per m 2 per s. Chlorophyll (Chl) and phycocyanin content were determined by using whole cell spectra (38) . Cultures were inoculated with liquid preculture to a concentration of about 0.5 g of Chl per ml and used for UV-B treatments when they reached about 2 g of Chl per ml, in the exponential growth phase.
UV-B Treatments. Fluorescent UV-B lamps (20W͞12, Philips Lighting, Stockholm) were used to irradiate cultures in polystyrene flasks (Nunclon, Nalge). The UV-B irradiation spectrum ( Detection of psbA Messages. Total RNA was isolated from Synechococcus sp. PCC 7942 (30) and 3 g was denatured by glyoxylation (39) , electrophoretically fractionated in 1% agarose gels in 10 mM sodium phosphate (pH 7.0), and then transferred to Hybond-N membrane (Amersham). Transcripts of all three psbA genes were then detected by using DNA probes specific for the unique 5Ј untranslated regions of each gene (100 bp) (30) . The amount of hybridization to each psbA transcript was determined directly from the filter by using a PhosphoImager (Bio-Rad) and quantified relative to the amount of 16S RNA (40) .
Protein Detection by Immunoblotting. Total cellular proteins were extracted (27) and samples containing 0.75 g of Chl were separated on linear lithium dodecyl sulfate͞15% polyacrylamide gels. Proteins were then electrophoretically transferred to poly(vinylidene difluoride) (0.2-m pore size, Immobilon-P, Millipore), and immunoblot analysis was performed (41) , with detection by using the ECL chemiluminescent kit (Amersham). The polyclonal antibodies against D1:1 and D1:2 are completely form-specific and show no detectable cross-reactivity (27) . The antibodies against D1, D2, and total phycobilisome polypeptides are described elsewhere (29, 42) .
Photosynthetic Measurements. Chl a fluorescence yield and oxygen evolution were measured simultaneously with an oxygen electrode (Hansatech Instruments, Pentney King's Lynn, England) and a pulse-amplitude-modulated Chl fluorometer (Walz, Effeltrich, Germany) (29) . The relative efficiency of excitation energy capture by PSII reaction centers was estimated as ( (Figs. 2 and 3A) . Because the control cells contained almost no transcript or transcript fragments from psbAII and very little from psbAIII, this accumulation likely results largely from transcriptional induction, rather than changes in mRNA stability (Fig. 2) . The DNA probes used recognize the unique 5Ј untranslated regions of each gene and detect both the full-length transcripts of about 1.3 kb and also a smaller 0.25-kb cleavage product derived from the full-length transcript (24, 30) . The 0.25-kb fragment for psbAII and psbAIII was relatively abundant during the first 15 min of UV-B exposure but then steadily declined, despite continued high levels of the mature transcripts (Fig. 2 ). The decline in the level of the 0.25-kb fragment from all three psbA transcripts results in a large increase in the ratio of 1.3͞0.25-kb psbA RNA species (Fig. 3B) . A similar pattern also occurs during chilling of Synechococcus (30) and may indicate progressive stabiliza- tion of the transcripts, which are relatively unstable when first transcribed (28, 30, 40) .
RESULTS AND DISCUSSION

UV-B Strongly Regulates
The accumulation of psbAII and psbAIII transcripts leads to a gradual replacement of D1:1 with D1:2 in the PSII centers (Fig. 4) . The exchange of the alternate D1 forms became faster and more complete as the UV-B intensity increased over a range from 0.2 to 0.8 W͞m 2 (Fig. 4) . High levels of psbAI transcripts remained throughout the treatment (Fig. 2) , indicating that posttranscriptional regulation favored D1:2 accumulation during UV-B exposure. The total cellular content of D1 protein (D1:1 ϩ D1:2; Fig. 5 ) remained essentially constant, as did the content of D2, the other main PSII reaction center core protein (Fig. 5) . During a recovery period, with cells incubated under control growth conditions of 50 mol of photons per m 2 per s, psbAII and psbAIII transcript levels rapidly declined, while psbAI transcripts remained (Fig. 2) . This led to a recovery of D1:1 content and some drop in D1:2 content within 60 min of recovery (Fig. 4) . Under prolonged UV exposure, the cells almost completely revert to the D1:1 protein, as other resistance mechanisms are induced (J. Porankiewicz and A. K. Clarke, personal communication).
UV-B and Light Excitation Are Distinct Regulators of the psbA͞D1 System. Exposing Synechococcus cells to increased light or decreased temperature also causes exchange of the D1 forms (27-30, 45, 47) , but this excitation stress response is distinct from the UV-B effects. Under excess excitation, psbAI expression is repressed, but transcription resumes as the cells acclimate to the new conditions of higher light or lower temperature (29, 30) . The transient loss of psbAI message is compensated by a strong induction of psbAII and psbAIII expression, apparently triggered by PSII reduction or closure, when excitation capture exceeds the removal of electrons from the center (29, 30) . In contrast, under UV-B irradiation psbAI transcripts are maintained and indeed increase above control levels (Fig. 3A) but are supplemented by transcription from psbAII and psbAIII. Under UV-B, total D1 content remains constant (Fig. 5) , but the cells shift from D1:1 to D1:2 (Fig. 4) . Therefore, posttranscriptional regulation appears to favor D1:2 accumulation, even though psbAI transcripts encoding D1:1 remain near or above the levels of psbAII and psbAIII transcripts (compare Figs. 2-4) . Furthermore, during the recovery from UV-B, psbAII and psbAIII transcripts significantly decrease 30 min after cessation of UV-B (Figs. 2 and 3) , and yet cells only slowly revert to the D1:1 protein despite a high level of psbAI transcript (Fig. 4) . In contrast, during (29, 30) . The supplemental expression of psbAII and psbAIII under UV-B is reminiscent of the light regulation of psbDII, a gene encoding an identical extra copy of the D2 protein of PSII, which is induced under excess light to supplement the constitutive expression of psbDI (48) . In nature, cells are only exposed to significant UV-B when light levels are also high. Therefore, the two factors, although mechanistically distinct, exert a combined evolutionary pressure to withstand both UV-B and light stress simultaneously. In this case, the psbA͞D1 system helps cells cope with both stresses, but UV-B and light appear to trigger partly independent induction mechanisms. This is particularly true for the regulation of psbAI, which is transiently repressed by high light but not by UV-B.
Blue light exposure induces some expression of psbAII and psbAIII through a regulatory system independent of PSII and electron transport (49) . We found that blue light caused a small accumulation of D1:2 (Fig. 6) , confirming that the blue light transcriptional response can cause a shift in protein composition. This weak blue light effect could reflect the extreme upper end of the UV response. Thus, the UV-B and blue light data suggest that UV-B is detected by a specific receptor, because UV-B and PSII overexcitation induce different patterns of gene and protein expression. Our results do not, however, rule out the possibility that the UV-B receptor is an element of photosynthetic electron transport. Interestingly, plastoquinone molecules in PSII have been postulated as receptors for UV-B-induced D1 degradation (2, 3) or PSII inhibition (50) . These molecules have absorption peaks in the UV-B and blue regions, which gives raise to the hypothesis that plastoquinones are the receptors for the UV-B and blue light regulation of psbA expression, although there is evidence against quinones as the primary targets for UV-B inhibition of PSII and D1 degradation (50) (51) (52) .
Moderate UV-B Has Little Effect on Phycobilisome Content. The phycocyanin͞Chl absorbance ratio dropped only slightly in the wild-type strain during the 2-h UV-B treatments, and the total phycobiliprotein content did not change (Fig. 5) . High UV-B levels (e.g., 2.6 W͞m 2 ; ref. 12) can drive dissociation and photodestruction of isolated phycobilisomes (12, 13) and in intact cyanobacteria (14-16), but our data suggest these effects are minor in Synechococcus cells under moderate UV-B intensities. Interestingly, under UV-B exposure a new polypeptide of approximately 35 kDa was detected on the immunoblot with a polyclonal antibody raised against phycobilisomes from Synechococcus (Fig. 5) . The antibody recognizes all the polypeptides from pure Synechococcus phycobilisomes, including the linker polypeptides, but does not crossreact with any other proteins from the cells (42) . The new polypeptide, therefore, apparently shares antigenic determinants with normal constitutive phycobilisome polypeptides. The size suggests that it is a phycobilisome linker polypeptide, but the functional significance of this 35-kDa polypeptide is as yet unknown.
D1 Exchange Is Necessary for Resistance to UV-B Inhibition of Photosynthesis. We next studied the biological significance of the exchange of D1:1 and D1:2 induced by UV-B. In wild-type cells, PSII function measured as the fluorescence ratio F V ͞F M suffered some initial inhibition (10%) upon exposure to UV-B (0.4 W͞m 2 ; Fig. 7A ). This inhibition occurred over the same period when D1:1 protein was lost (Fig.  4) . PSII function partially recovered and stabilized (Fig. 7A) as D1:2 accumulated (Fig. 4) . Electron transport (measured as gross oxygen evolution) also suffered inhibition (Fig. 7B ) but stabilized at 70% of the control level.
In marked contrast, under the same UV-B treatment a mutant strain (R2S2C3, ref. 24 ) that expresses only the psbAI gene suffered severe and sustained inhibition. PSII efficiency dropped to 58% of control and electron transport fell to only 42% of control (Fig. 7) . In this strain, the normal replacement of D1:1 with D1:2 is blocked because the psbAII and psbAIII genes are inactivated (24) .
In the mutant strain R2K1, the psbAI gene is inactivated and the cells constitutively express the intact psbAII and psbAIII genes, and thus the cells contain only D1:2 (24). The R2K1 strain was highly resistant to the UV-B treatment (Fig. 7) , showing no significant inhibition of PSII function and only a modest drop in electron transport to 85% of control after 120 min of UV-B exposure. Under control conditions, the R2K1 and R2S2C3 strains have similar levels of total D1 protein (27, 53) .
Thus, the wild-type strain suffers progressive UV-B inhibition of PSII activity until D1:2 accumulates. If accumulation of D1:2 is blocked, as in the mutant strain R2S2C3, severe inhibition ensues. In contrast, constitutive expression of D1:2 confers strong resistance to UV-B inhibition.
The D1:1 and D1:2 proteins differ at 25 of 360 amino acid positions (24) , including the change of amino acid Gln 130 in D1:1 to Glu 130 in D1:2, a position that interacts with the pheophytin redox cofactor. The amino acid differences lead to photochemical distinctions between PSII centers containing the two D1 forms (45, (53) (54) (55) . We suspect these functional changes underlie the differential sensitivity of cells containing the two forms to UV-B, which is absorbed by PSII cofactors and D1 amino acid residues (2, 3, 50-52). An intrinsic difference in UV-B resistance between the forms appears likely, because the strain maintains a complex regulatory system to rapidly exchange the D1 forms under UV-B exposure. We have as yet no direct evidence for the mechanism of this differential susceptibility. At the 25 positions distinguishing D1:1 and D1:2 from Synechococcus, D1 from plants shares more common residues with D1:2 than with D1:1, including Glu 130 as in D1:2. This raises the question of why Synechococcus maintains D1:1. We have some biophysical evidence that the D1:1 protein may prove superior under low and fluctuating light (53) , which may account for the maintenance of two D1 forms over evolutionary time. Other workers have speculated that strains such as Synechococcus with phycocyanin-rich phycobilisomes may be more sensitive to UV-B than are strains with phycobilisomes containing phycoerythrin (19) . In that case, the psbA exchange system might help compensate for UV-B absorbance by phycocyanin.
The exchange of alternate D1 forms does not completely account for UV effects on wild-type cells, because electron transport was more inhibited than PSII function alone. This pattern was also observed in the R2S2C3 strain and, to a lesser extent, in R2K1 (Fig. 7) . We suspect that in R2K1, the high intrinsic resistance to UV-B inhibition of PSII function (Fig.  7A ) allows the cells to minimize secondary effects of UV downstream from PSII and maintain electron transport near control rates. In contrast, the wild type is initially sensitive to UV-B inhibition of PSII (Fig. 7A) , which may make the cells susceptible to downstream UV-B effects on electron transport (Fig. 7B) , which then persist longer than the transient initial PSII inhibition. The electron transport inhibition may reflect UV-B effects outside PSII such as inhibition of rbcL expression or the activity of ribulose-1,5-bisphosphate carboxylase͞ oxygenase (9) (10) (11) (12) . Such downstream effects of UV-B could feedback to inhibit electron transport beyond PSII. The psbA System May Prove Important in Community-Level Responses to UV-B. The D1 exchange system accounts for much of this cyanobacterium's capacity for photosynthetic acclimation to moderate UV-B exposure. This rapid response converts cells from a UV-B-susceptible to a UV-B-resistant phenotype within 15-30 min, and the protection is sustained for at least 2 h. All cyanobacteria examined to date contain psbA gene families and this prokaryotic isozyme system (47) may prove central to some community responses to UV-B exposure. Phytoplankton communities often remain fairly stable in the face of increasing UV-B (32, 35) , but their resistance to UV-B inhibition of community-level photosynthesis varies strongly over the day (56) , with maximal resistance to UV-B achieved around mid-day (4, 32) . These field results are clear evidence for dynamic hour-scale acclimation processes that modulate community responses to UV-B. Key aspects of ecological modeling are the extent and limits of UV repair and adaptation processes in major biomass producers (56) . The phenotypic plasticity imparted by the psbA system may underlie cyanobacterial community resilience in the face of moderate UV-B. This cyanobacterial response, however, is distinct from UV-B resistance mechanisms in organisms with chloroplasts, which contain only one active psbA gene (57, 58) .
